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 Geometry of in vitro assay affects estimates of cell diffusivity by up to 50%.  
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Abstract9
Cells respond to various biochemical and physical cues during wound{healing and tumour
progression. In vitro assays used to study these processes are typically conducted in one
particular geometry and it is unclear how the assay geometry aects the capacity of
cell populations to spread, or whether the relevant mechanisms, such as cell motility
and cell proliferation, are somehow sensitive to the geometry of the assay. In this work
we use a circular barrier assay to characterise the spreading of cell populations in two
dierent geometries. Assay 1 describes a tumour{like geometry where a cell population
spreads outwards into an open space. Assay 2 describes a wound{like geometry where
a cell population spreads inwards to close a void. We use a combination of discrete
and continuum mathematical models and automated image processing methods to obtain
independent estimates of the eective cell diusivity, D, and the eective cell proliferation
rate, . Using our parameterised mathematical model we conrm that our estimates of
D and  accurately predict the time{evolution of the location of the leading edge and the
cell density proles for both assay 1 and assay 2. Our work suggests that the eective cell
diusivity is up to 50% lower for assay 2 compared to assay 1, whereas the eective cell
proliferation rate is up to 30% lower for assay 2 compared to assay 1.
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1. Introduction12
Cell migration and cell proliferation are essential mechanisms that drive wound{healing13
and tumour progression [1{5]. During these processes, cells sense and respond to var-14
ious biochemical and physical cues [6{10]. Although the role of biochemical cues has15
been widely explored, it remains relatively unclear how physical cues, such as the local16
geometry, aect the capacity of cell populations to spread [6{10].17
Wound{healing and tumour progression are often studied in the same context since the18
mechanisms that drive these processes are thought to be similar [4, 11{14]. Despite19
their similarities, these processes have distinct geometries: (i) during wound{healing, cell20
populations spread inwards to close the wound void, and (ii) during tumour progression,21
cell populations spread outwards causing the tumour to expand [4, 6].22
Cell{based assays are commonly{used to quantify the capacity of cell populations to23
spread in vitro [6, 15{19]. Several types of assays have been developed to investigate cell24
population spreading in two and three dimensions including Transwell, scratch, exclusion25
zone and spheroid assays [6, 15, 16, 19]. While these assays have been used to study the26
behaviour of various cell lines in vitro, most studies neglect to explicitly consider the role27
of geometry when conducting or interpreting these assays and it is unclear how results28
obtained for one particular geometry translate into another [6, 15, 16, 19]. Recent work29
using microfabrication methods focused on creating various{sized channels through which30
cells could migrate, with the observation that the speed of the leading edge of the cell31
population depends on the channel width [20]. Therefore, it seems reasonable to assume32
that assay geometry could play a role in determining the rate at which cell populations33
spread.34
An alternative approach to understand how dierences in geometry aect cell population35
spreading is to conduct a two{dimensional cell spreading assay where the direction of the36
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spreading is intentionally varied. In this work, we will consider two types of assays:37
Assay 1. This is a tumour{like assay initialised by placing cells inside a barrier, which is38
then lifted, allowing the population to spread outwards [6, 15].39
Assay 2. This is a wound{like assay initiated by placing cells outside a barrier, which is40
then lifted, allowing the population to spread inwards [6, 15].41
Without analysing any experimental data it is unclear whether a population of otherwise42
identical cells will exhibit dierent rates of spreading in the geometry of assay 1 compared43
to the geometry of assay 2.44
A circular barrier assay can be used to study both assay 1 and assay 2 geometries, by45
initially placing the cells either inside or outside the barrier, which is then lifted to initiate46
the cell spreading [6, 15, 21{23]. Barrier assays are thought to be more reproducible than47
traditional mechanical wounding assays, such as scratch assays, as they do not damage48
the cell monolayer [23, 24]. In this work, we will consider the spreading of cell populations49
in a barrier assay that are driven by combinations of motility and proliferation.50
The standard continuum mathematical model used to describe how a population of motile51
and proliferative cells spread in two dimensions is related to the Fisher{Kolmogorov equa-52
tion, and is given by53
@c
@t
= Dr2c+ c

1  c
K

; (1)
where c(x; y; t) [cells=L2] is the dimensional cell density, D [L2=T] is the cell diusivity54
(random motility coecient),  [=T] is the cell proliferation rate and K [cells=L2] is the55
carrying{capacity density [25{31]. Physical dimensions relevant to in vitro cell biology56
assays are m and hours for L and T , respectively. Discrete random walk{based models57
which are related to Eq. (1) can also be used to study cell population spreading. Discrete58
models allow us to visualise the biological spreading process in a way that is directly59
comparable with experimental results [21, 32{40]. For example, snapshots from a discrete60
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model showing the location of individual agents in the population can be easily compared61
to experimental images that show the location of individual cells in the population [21, 41].62
Previous studies have used Eq. (1) to estimate D and  from experimental observa-63
tions with the additional implicit assumption that these estimates could be relevant when64
considering the same cell population spreading in a dierent geometry. This standard65
assumption implies that estimates of D and  obtained by calibrating Eq. (1) to obser-66
vations in one particular geometry could be used to accurately predict the spreading of67
the same cell population, under the same experimental conditions, in a dierent geome-68
try. However, from a biological point of view, it seems reasonable to anticipate that cell69
populations could respond dierently under dierent circumstances. This means that our70
estimates of D and  in Eq. (1) might be dierent when calibrating this model to dierent71
experimental conditions. For this reason we will refer to estimates of D as the eective cell72
diusivity and our estimates of  as the eective cell proliferation rate, thereby making73
it explicit that we are allowing for the possibility that these estimates could depend on74
the specic details for the experiment from which they are estimated.75
In this work, we use a combined experimental and mathematical modelling approach to76
investigate how the two{dimensional spreading of a broblast cell population is inuenced77
by the assay geometry. In particular, we address the following questions:78
1. Do estimates of the eective cell diusivity, D, depend on the geometry of the assay?79
2. Do estimates of the eective cell proliferation rate, , depend on the geometry of80
the assay?81
3. Does the geometry of the assay aect the rate at which the leading edge of the cell82
population moves?83
4. Are the cell density proles through the spreading cell population sensitive to84
changes in the geometry of the assay?85
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To answer these questions, we conduct several circular barrier experiments using assay 186
and assay 2 geometries. For both assay geometries we independently estimate the eective87
cell diusivity, D, using experiments where cell proliferation is suppressed. The eective88
proliferation rate, , is then separately estimated using experiments where proliferation is89
not suppressed. To ensure that our estimates of D and  accurately predict the position of90
the leading edge of the spreading population as well as the cell density prole throughout91
the spreading cell population we compare predictions of the parameterised mathematical92
model with experimental measurements. In summary, our results indicate that estimates93
of D and  appear to depend on the assay geometry, with D being more sensitive than .94
2. Experimental methods95
2.1. Circular barrier assay96
Figure 1 shows a schematic diagram of the two barrier assay geometries considered in this97
work. To perform these assays metal{silicone barriers (Aix Scientics, Germany), were98
cleaned, sterilised, dried and placed in the centre of the wells of a 24{well tissue culture99
plate. The wells in the tissue culture plate have a diameter of 15; 600 m. The barrier100
has an approximate radius of 3000 m on the inside of the silicone tip (located at the end101
of the barrier) and 4000 m on the outside of the silicone tip.102
Experiments were conducted with broblast cells (supplementary material) where, in some103
cases the spreading was driven by cell motility only, whereas in other cases the spreading104
was driven by a combination of cell motility and cell proliferation. For those experiments105
where cell proliferation was suppressed, Mitomycin{C (Sigma Aldrich, Australia) was106
added to the cell solutions for one hour before the assays were initialised [42]. Experiments107
using assay 1 and assay 2 geometries were initialised by carefully placing the cells either108
inside (Fig. 1 (a)) or outside (Fig. 1(b)) the barrier, respectively. In all cases great109
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care was taken to ensure that the cells were approximately evenly distributed at the110
beginning of the experiment. All experiments were repeated using two dierent initial111
cell densities: low density (3:5 10 4 cells/m2) and high density (1:1 10 3 cells/m2).112
After initially placing the cells in or around the barrier, the tissue culture plate was left113
for one hour in a humidied incubator at 37 C and 5% CO2 to allow the cells to attach114
to the surface, after which the barriers were removed and the cell layer was washed with115
serum free medium (SFM; culture medium without FCS) and replaced with 0.5 mL of116
culture medium. Plates were incubated at 37 C in 5% CO2 for four dierent durations,117
t = 0, 24, 48 and 72 hours. Each assay, for each time point, for each initial density and118
for each geometry, was repeated in triplicate (n = 3).119
2.2. Image acquisition and analysis120
Two types of images were acquired from each experiment; (i) population{scale images121
showing the location of the entire spreading population, and (ii) individual{scale images122
detailing the location of individual cells within the spreading population. Details of the123
image acquisition and analysis are given in the supplementary material.124
Schematic population{scale images of assay 1 and assay 2 are shown in Fig. 1 (c) and (d),125
respectively. We use a standard approach to measure the observed spreading by estimating126
the radius, R, from the centre of the well to the leading edge of the cell population as127
shown in Fig. 1 (c) and (d). Here, R1, corresponds to the radius of the spreading cell128
population in assay 1, and R2 represents the radius of the void space in assay 2. Estimates129
of R1 and R2 were obtained by locating the position of the leading edge of the spreading130
cell populations using customised image processing software that was written using the131
MATLAB image processing toolbox (v7.12) [43] (supplementary material). The same132
image analysis methods used to detect the location of the experimental leading edge were133
applied to detect the edges in the snapshots produced by the discrete model described134
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in Section 3. For assay 1, the area (regionprops) of the spreading population, A, was135
estimated and converted into an equivalent circular radius, R1 =
p
A=. For assay 2,136
the area of the void region, A, was estimated and converted into an equivalent circular137
radius, R2 =
p
A=.138
Individual{scale images were used to construct a detailed transect across the spreading139
populations. Overlapping images were acquired at regular spatial intervals from the lead-140
ing edge of the cell population to either the centre of the well (assay 1) or the edge of141
the well (assay 2). Automated image analysis, supplemented with manual counting, was142
used the count the number of individual cells within various subregions across the tran-143
sects and these counts were used to construct detailed cell density proles (supplementary144
material).145
3. Modelling methods146
To quantify and interpret our experimental observations, we use an interacting random147
walk model which is related to Eq. (1). The details of our discrete model have been148
previously reported in [37].149
3.1. Discrete model150
The discrete model is implemented on a two{dimensional square lattice with spacing ,151
which corresponds to the average diameter of the cells. We estimate  by measuring152
the area of several cells using ImageJ software [44] and convert these estimates into an153
equivalent circular diameter, giving   25 m. We assume that the cells form a two{154
dimensional monolayer, which is reasonable given that since our images indicate that155
individual cells do not pile up onto other cells in the vertical direction. To account for156
volume exclusion and nite size eects, the model permits only one agent to occupy each157
lattice site [35, 37]. This exclusion mechanism explicitly accounts for any dierences in158
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the availability of free space in assay 1 compared to assay 2. Each site is indexed (i; j),159
where i, j 2 Z+, and each site has position (x; y) = (i; j). Simulations are initialised160
by placing agents uniformly, at random, either inside a circle of radius 3000 m located161
at the centre of the lattice for assay 1 simulations, or outside a circle of radius 4000 m162
for assay 2 simulations. Here, the initial radii for assay 1 and assay 2 correspond to the163
physical internal and external radii imposed by the silicone tip of the barrier.164
A random sequential update method [45] is used to perform the simulations. If there are165
N(t) agents at time t, during the next time step of duration  , N(t) agents are selected at166
random, one at a time, and given the opportunity to move with probability Pm 2 [0; 1].167
We use an unbiased motility mechanism where an agent at (x; y) attempts to step to168
(x ; y) or (x; y ) with equal probability of 1/4. Once the N(t) potential motility169
events have been assessed, another N(t) agents are selected at random, one at a time, and170
given the opportunity to proliferate with probability Pp 2 [0; 1]. We model proliferation171
with an unbiased mechanism whereby a proliferative agent at (x; y) attempts to deposit172
a daughter agent at (x  ; y) or (x; y  ), with each target site chosen with equal173
probability of 1/4. Potential motility and proliferation events that would place an agent174
on an occupied site are aborted [35, 37].175
3.2. Continuum model176
To relate the discrete model to Eq. (1), we note that the average occupancy of site (i; j),177
evaluated using R identically{prepared realisations, is178
hCi;ji = 1R
RX
k=1
Cki;j; (2)
here the superscript denotes the kth identically{prepared realisation of the same stochastic179
process and the occupancy of site (i; j) is denoted by Cki;j, with C
k
i;j = 1 for an occupied180
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site, and Cki;j = 0 for a vacant site. The corresponding continuous density, c(x; y; t), is181
governed by Eq. (1) with carrying capacity, K = 1 agents/lattice site [37].182
The associated diusivity and proliferation rate [37] are given by183
D =
Pm
4
lim
;!0

2


;  = lim
!0

Pp


: (3)
We note that hCi;ji 2 [0; 1] is equivalent to c(x; y; t) as R ! 1, provided that Pp=Pm184
is suciently small [37]. Strictly speaking, the continuum model is valid in the limit185
that  ! 0 and  ! 0 jointly with the ratio 2= held constant, implying that Pp =186
O() [37]. As we will show in Section 4, the cell populations in all assays maintain an187
approximately circular geometry for the entire duration of the experiment (Section 4.1),188
hence, we implement Eq. (1) in an axisymmetric coordinate system,189
@c
@t
= D

@2c
@r2
+
1
r
@c
@r

+ c(1  c); (4)
where the dimensional cell density, c(r; t), has been scaled relative to the carrying capacity190
density, c(r; t) = c(r; t)=K so that c(r; t) 2 [0; 1]. We estimate the carrying capacity191
density by making the standard assumption that the maximum packing density of cells192
corresponds to a square packing [21]. Since   25 m, we have K = 1=252  1:610 3193
cells/m2 [21].194
Numerical solutions of Eq. (4) are obtained using a nite{dierence approximation on a195
grid with a uniform grid spacing r, and implicit Euler stepping with uniform time steps196
of duration t [46, 47]. Picard iteration, with absolute convergence tolerance, , is used197
to solve the resulting system of nonlinear equations. For all numerical results presented198
we tested that the numerical solutions were grid independent. Solutions of Eq. (4) are199
obtained on the domain 0  r  7800 m, with a symmetry condition, @c=@r = 0, at200
r = 0 m and a zero ux boundary condition at r = 7800 m for both assay 1 and201
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assay 2 geometries. The value r = 7800 m corresponds to the physical radius of the well202
(r = 15600=2). The initial condition for assay 1 is given by,203
c(r; 0) =
8><>: c0; 0  r  3000 m ;0; 3000  r  7800 m ; (5)
where c0 2 [0; 1] is the initial nondimensional cell density within the barrier. The initial204
condition for assay 2 is given by205
c(r; 0) =
8><>: 0; 0  r < 4000 m;c0; 4000  r  7800 m: (6)
The initial nondimensional cell density for low density experiments is c0 = 3:510 4=1:6206
10 3  0:22, whereas the initial nondimensional cell density for the high density experi-207
ments is c0 = 1:1 10 3=1:6 10 3  0:66.208
3.3. Standard measure of spatial spreading209
In addition to analysing the data using the mathematical modelling framework described210
in Sections 3.1{3.2, we also interpret our results using a standard measure that is often211
reported in the experimental cell biology literature [6, 22{24, 48{50]. This standard212
measure can be written as213
M(t) =
Ra(t) Ra(0)
Ra(0)
 100; (7)
where M(t) represents the percentage change in the observed radius at time t relative to214
the initial radius, a = 1; 2, represents assay 1 or assay 2, respectively, and R(t) is the215
detected radius at time t.216
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4. Results217
4.1. Cell diusivity estimates218
We rst investigated whether estimates of D were sensitive to the assay geometry. To219
identify D we considered experiments where cells were pretreated with Mitomycin{C to220
suppress cell proliferation. Population{scale images in Fig. 2 (a) and (b) illustrate the221
distribution of cells in the assay 1 geometry at t = 0 and t = 72 hours for an experiment222
with a high initial cell density inside the barrier. The corresponding images for the assay223
2 geometry are shown in Fig. 2 (c) and (d). For both geometries, the area occupied by the224
cell population increases with time and the circular geometry is maintained. From these225
images alone it is dicult to interpret whether the spreading in assay 1 is any dierent226
to the spreading in assay 2.227
To quantify any dierences between the observed spreading in assay 1 and assay 2, we used228
the image analysis methods (Section 2.2) to detect the position of the leading edge of the229
spreading cell populations in each geometry. The detected leading edges are superimposed230
onto the images in Fig. 2 (a){(d). For assay 1, the area enclosed by the leading edge231
was converted into an equivalent circular radius, R1. Similarly, for assay 2, the area of232
the void space enclosed by the leading edge was converted into an equivalent circular233
radius, R2. For the assay 1 population{scale images in Fig. 2, R1 increases from 3000234
m to 4171 m, over t = 72 hours, giving M(72) = 39% using Eq. (7). Similarly, for235
the population{scale images of assay 2, R2 decreases from 4000 m to 2950 m, giving236
M(72) =  26%. The corresponding results for the experiments initialised with low cell237
density give M(72) = 26% for assay 1 and M(72) =  14% for assay 2 (supplementary238
material). Although it is straightforward to compute and compare estimates of M(t) for239
the dierent assays, these estimates do not provide us with any quantitative insight into240
the role of the mechanisms that drive the spreading process.241
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We estimated D for each geometry by comparing the experimental data with simulation242
data from the discrete mathematical model. Simulations, as described in Section 3, were243
performed using the discrete model to replicate the initial distribution of cells in both244
geometries at both initial densities. To estimate D we performed simulations where we245
systematically varied the duration of the time step,  , which is equivalent to varying246
the eective cell diusivity, D = Pm
2=(4), in the continuum model. This procedure247
enabled us to determine the value of D that produces a prediction that best matches the248
experimental data. In all cases, we set Pp = 0 and Pm = 1. We considered 30 equally249
spaced values of D in the interval D 2 [0; 5000] m2/hour, and for each value of D we250
simulated each experiment three times (n = 3), over t = 24, 48 and 72 hours. The image251
analysis software was used to the locate the position of the leading edge of the simulated252
cell populations in the same way that the image analysis was used to detect the leading253
edge in the experimental images. In all cases, the detected leading edge was converted to254
an equivalent circular radius.255
Population{scale images in Fig. 2 (f) and (g) show the distribution of agents in the discrete256
model in assay 1 and the corresponding detected position of the leading edge, at t = 0257
and t = 72 hours, for an experiment where a high density cell population was initially258
placed inside the barrier. The population{scale images in Fig. 2 (h) and (i) illustrate259
the equivalent results for assay 2. We note that the distribution of agents in Fig. 2 (g)260
and (i) do not appear to be inuenced by the underlying lattice structure at this scale261
since the simulations were initialised at a relatively low density, and the density of agents262
at the leading edge is, by denition, very low. This qualitative observation is consistent263
with recent theoretical comparisons between lattice{based and lattice{free descriptions of264
spreading cell populations which conrmed that there is no dierence between a lattice{265
based and lattice{free model at the leading edge of spreading populations [51].266
To determine the value of D for which our model results best match the observed data, we267
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compared the radii estimates from the discrete simulations, at t = 24, 48 and 72 hours, to268
the corresponding experimental data, using an estimate of the least{squares error given269
by270
E(D) =
3P
i=1
(ERia   SRia)2
3P
i=1
(ERia)
2
; (8)
where i indicates the three time points, t = 24, 48 and 72 hours, and a corresponds to271
the assay geometry, 1 and 2. In all cases, ER and SR are the radii extracted from the272
experimental cell populations and the corresponding simulated populations, respectively,273
averaged over (n = 3) identically{prepared replicates.274
Results in Fig. 2 (e) and (j) show E(D) for experiments in each geometry for both initial275
cell densities. For all experiments there is a well{dened minimum which indicates the276
least{squares estimate of D. We note that the estimate of D is dierent for each geometry277
and each initial cell density. Our analysis indicates that for experiments using a low initial278
cell density we have D  1700 m2/hour for assay 1, while D  800 m2/hour for assay 2.279
Our results for the experiments using a high initial cell density show a similar trend where280
D  2900 m2/hour for assay 1, while D  1500 m2/hour for assay 2. For both initial281
cell densities, our least{squares estimate of D is approximately 50% smaller for assay282
2. These dierences suggest that the cell motility mechanism is aected by the assay283
geometry and we note that these dierences were not obvious through visual inspection284
of the experimental images or through the use of the commonly{reported quantity, M(t),285
given by Eq. (7).286
To conrm that our estimates of D allow us to accurately model the experimental data287
we compared the numerical solution of Eq. (4), with  = 0, to population{scale images288
from the experiments and discrete simulations in Fig. 2 (a){(d) and (f){(i). To compare289
the numerical solution of Eq. (4) with the experimental images we choose an appropriate290
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contour of the solution, c(r; t) = 0:019, which best describes the averaged spreading291
observed in the experiments (supplementary material). The correspondence between the292
position of the leading edge in the experimental images and the c(r; t) = 0:019 contour of293
the solution of Eq. (4) in Fig. 2 (a){(d) and (f){(i) conrms that our estimates of D are294
appropriate for each geometry and initial cell density.295
4.2. Cell proliferation estimates296
To estimate  we considered experiments where proliferation was not suppressed. Individual{297
scale images were used together with the image analysis techniques to count the number298
of cells, at a xed position, as a function of time. For each experiment, the number299
of cells in four dierent subregions, each of dimension 250 m  250 m, was counted.300
The locations of the subregions were chosen so that the cell density at that location is301
approximately spatially uniform and locally we have c(r; t)  c(t). The cell counts were302
converted into a measurement of the nondimensional cell density, c(t) = c(t)=K. Figure303
3 (a) and (f) illustrate the approximate location and size of each of the four subregions304
for assay 1 and assay 2, respectively.305
Images in Fig. 3 (b) and (c), and Fig. 3 (g) and (h), show snapshots of a subregion306
analysed for assay 1 and assay 2, respectively. These results correspond to experiments307
that were initialised with a high cell density. We note that the cell density increases308
rapidly with time and that there appears to be no visual dierence in the cell density309
behaviour between either geometry. The evolution of c(t) is shown in Fig. 3 (d) and (i)310
for both geometries and each initial cell density.311
We note that Eq. (4) can be simplied when the cell density, c(r; t), is spatially uniform312
so that locally we have c(r; t) = c(t). Hence, Eq. (4) simplies to the logistic equation313
dc(t)
dt
= c(t)(1  c(t)); (9)
14
which has the solution314
c(t) =
c(0) exp(t)
1 + c(0)(exp(t)  1) ; (10)
where c(0) is the nondimensional initial cell density.315
To estimate , we found the value of  that minimised an estimate of the least{squares316
error between our experimental measurements and Eq. (10), given by317
E() =
3P
i=1
(EP ia   SP ia)2
3P
i=1
(EP ia)
2
; (11)
where i denotes the three time points, t = 24, 48 and 72 hours, and a corresponds to the318
assay geometry, 1 and 2. In all cases, EP corresponds to the nondimensional cell density319
extracted from the experimental images averaged over (n = 4) replicates and SP is the320
corresponding nondimensional cell density using Eq. (10).321
Results in Fig. 3 (e) and (j) show E() for experiments in both geometries and both initial322
cell densities. For all cases, our results show that there is a well{dened minimum in E().323
For experiments without Mitomycin{C pretreatment at low density we have  = 0:056324
=hour for assay 1 and  = 0:042 =hour for assay 2. Similarly, for the experiments without325
Mitomycin{C pretreatment at high density we have  = 0:059 =hour for assay 1 and326
 = 0:041 =hour for assay 2. The relevant logistic growth curves, given by Eq. (10) with327
our estimates of , are superimposed in Fig. 3 (d) and (i). These growth curves conrm328
that, on average, our estimates of  provide a good match to the observed data.329
To explore whether our estimates of  are sensitive to the location of the subregion,330
we re{estimated  in two additional subregions located in dierent positions that were331
at least 2000 m behind the leading edge (supplementary material). These additional332
results show that there is a relatively small variation in , conrming that our estimates333
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of  are relatively insensitive to the choice of the location of the subregions, provided334
that we are suciently far behind the leading edge where c(r; t)  c(t). Therefore, given335
this insensitivity, we will use the values of  reported here in the main manuscript. We336
also estimated  for the experiments with Mitomycin{C pretreatment (supplementary337
material) where cell proliferation was assumed to be suppressed. This gave  < 0:003338
=hour, indicating that the number of cells did not signicantly increase or decrease over339
the duration of the experiment. This implies that Mitomycin{C pretreatment prevented340
proliferation and did not induce cell death.341
4.3. Predicting the behaviour of spreading cell populations in dierent geometries342
A summary of our estimates of D and  for both geometries and both initial cell densities343
are given in Table 1. The variability in our estimates are also reported, and the details344
of how the variability was determined is given in the supplementary material.345
We will now consider whether the parameterised mathematical model can accurately346
predict the position of the leading edge of the spreading cell populations and the details347
of the cell density proles throughout the entire spreading cell populations.348
4.3.1. Position of the leading edge349
Population{scale images in Fig. 4 and Fig. 5 compare the position of the leading edge350
of the cell population for assay 1 and assay 2 with the corresponding predictions from351
Eq. (4) using the appropriate parameter values given in Table 1. The solution of Eq. (4)352
is represented in terms of the c(r; t) = 0:019 contour (supplementary material). Overall,353
the agreement between the experiments and the model predictions indicate that the pa-354
rameter estimates appear to accurately capture the observed dierences between the two355
geometries, both with and without proliferation, and at all time points considered.356
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Results in Fig. 6 compare the time evolution of the observed values ofM(t) (Eq. (7)) with357
the corresponding predicted values ofM(t) using appropriately parameterised solutions of358
Eq. (4). We note that the prediction of the mathematical model at t = 24 hours for assay359
2 appears to systematically underestimates M(t). This small discrepancy could be due to360
our experimental procedure since the imaging process requires a brief interruption to the361
incubation conditions when the assay was stopped for imaging. We anticipate that this362
disruption would have a negligible impact on those experiments conducted for a long pe-363
riod of time whereas the impact could be more important for experiments conducted over364
a shorter period of time. Despite this discrepancy at one time point in assay 2, our over-365
all comparison between the observations and the modelling predictions indicates that the366
parameterised model accurately predicts the time{evolution of the position of the leading367
edge and reliably captures the dierences in our experiments where cell proliferation was368
either suppressed or permitted.369
4.3.2. Cell density proles370
We now consider comparing the observed cell density prole with the cell density prole371
predicted by our parameterised mathematical model. Individual{scale images across a372
transect through the spreading population were used to estimate spatial distribution of373
the nondimensional cell density. We divided each transect into 20{30 subregions, each of374
length approximately 150 m, along the transect axis. Figure 7 (a) and (f) show the loca-375
tion of the transects relative to the entire population. Snapshots of the images analysed376
from experiments with a high initial cell density are given in Fig. 7 (b){(e) for assay 1,377
and in Fig. 7 (g){(j) for assay 2. Image analysis software was used to count the number378
of cells in each subregion, and this was converted into an estimate of the nondimensional379
cell density, c(t) = c(t)=K, which was used to construct the histograms in Fig. 8. The380
appropriately parameterised solutions of Eq. (4) are superimposed onto these histograms.381
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Comparing the solutions of Eq. (4) with the experimental measurements conrms that382
the appropriately parameterised model reliably captures the entire cell density proles383
in assay 1 and assay 2, and for both types of experiments where cell proliferation was384
suppressed or not.385
4.4. Comparing estimates of D and  in dierent geometries386
We now compare whether estimates of D and  obtained by calibrating the model in one387
particular geometry can be used to predict the extent of spatial spreading in a dierent388
geometry. Results in Fig. 9 compare the population{scale images at t = 72 hours with389
the corresponding predictions of the mathematical model using both the estimates of D390
and  obtained from assay 1 and the estimates of D and  from assay 2. In all cases we391
see that the prediction of the mathematical model, parameterised with the appropriate392
estimates of D and , provides an excellent match to the observed spreading, as expected.393
However, we also show that the prediction of the mathematical model, parameterised394
with the alternative estimates of D and , provide a very poor prediction. The dierence395
between the observed position of the leading edge and the prediction of the mathematical396
model is most evident in the proliferative populations where the discrepancy is as much397
as 500 m. These comparisons conrm that estimates of D and  obtained by focusing398
on one particular geometry may not be suitable to make predictions in another geometry.399
Results in Fig. 10 present a similar comparison between the observed shape of the cell400
density prole near the leading edge and the predictions of the mathematical model. Cell401
density proles within a distance of 2000 m of the leading edge were constructed by402
dividing this region into 9{15 equidistant subregions of length approximately 100 m.403
Image analysis software was used to count the number of cells in each subregion, and404
this count was converted into a nondimensional cell density, c(t) = c(t)=K. Again, our405
results conrm that the predictions of the mathematical model, parameterised with the406
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appropriate estimates of D and , provide a good match to the shape and position of407
the observed density proles. In contrast, the prediction of the mathematical model,408
parameterised with the alternative estimates of D and , fail to match either the position409
or shape of the leading edge. Therefore, our results suggest that great care should be410
taken when estimating D and  in one situation and then applying the parameterised411
model to make predictions in another situation.412
Our data describing the shape of the cell density prole in Fig. 10 can also be used to413
provide a separate estimate of D by matching the solution of Eq. (4) with this data for414
the experiments where proliferation was suppressed. Additional results (supplementary415
material) conrm that estimates of D obtained using this approach are very similar to416
our results reported in Section 4.1 where we focused on the leading edge data only. Most417
importantly, when we estimate D using the shape of the cell density proles we nd a418
very similar discrepancy between our estimates of D when we use the density proles from419
assay 1 compared to the density proles from assay 2. Although we have estimated D420
using both the density proles and the leading edge data separately, we chose to focus on421
the results associated with the leading edge data since this method is simpler to implement422
since it avoids the need for counting individual cells and constructing cell density proles.423
5. Discussion and Conclusion424
Various approaches that attempt to investigate how populations of cells spread typically425
neglect the inuence of the assay geometry [8, 52]. In this work, we used a circular426
barrier assay to analyse the spreading behaviour of a broblast cell population in two427
distinct geometries; (i) assay 1 resembled a tumour{like outward spreading process, and428
(ii) assay 2 resembled a wound{like inward spreading process. To quantify the dierences429
between these assays we used a combined experimental and a mathematical modelling430
approach to estimate D from experiments where cell proliferation was suppressed. We431
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then separately estimated  from experiments where proliferation was not suppressed.432
Given our estimates of D and , we then independently veried that our parameterised433
model could predict both the position of the leading edge and the shape of the cell density434
proles in both assays for two dierent initial densities.435
Our results suggest that assay geometry can aect the behaviour of spreading cell popu-436
lations since our estimate of D for assay 2 was up to 50% lower than our estimate of D for437
assay 1, while our estimate of  was up to 30% lower for assay 2 compared to assay 1. This438
observation is important because most experimental and mathematical modelling studies439
of in vitro cell spreading typically focus on one geometry only and make the implicit440
assumption that observations and measurements in one geometry are relevant for others.441
Our results, highlighted in Fig. 9 and Fig. 10, indicate that this implicit assumption can442
produce misleading results.443
This work highlights the importance of using mathematical modelling tools to quantify444
the contributions of cell motility and cell proliferation in driving the observed spreading445
behaviour. For example, standard measures of cell spreading, such as Eq. (7), do not pro-446
vide any detailed information regarding how the underlying mechanisms contribute to the447
observed spreading. Furthermore we have shown that these standard measures cannot be448
compared between dierent geometries since comparing estimates ofM(t) for assay 1 with449
estimates ofM(t) for assay 2 is not insightful. Our analysis of the data using Eq. (7) could450
have been performed in terms of the observed area, A(t), instead of the observed radius,451
R(t) [6, 22, 48, 49]. However, regardless of whether M(t) is measured in terms of R(t) or452
A(t) we nd the same trends in the data which means that our conclusions about M(t)453
are relevant regardless of these details. In contrast, a mathematical modelling approach454
that explicitly represents the underlying cell motility and cell proliferation mechanisms455
can overcome this diculty since we can extract, and quantify, detailed information about456
both the cell motility and cell proliferation mechanisms separately.457
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The focus of our work has been to assess quantitative dierences between two dierent458
assay geometries. It is also worthwhile to discuss some qualitative dierences between459
assay 1 and assay 2. We found that the experimental procedure for assay 1 was more460
straightforward to implement and analyse for two reasons. First, assay 2 requires the461
use of a greater number of cells in the experimental procedure which means that discrete462
simulations are more time consuming to perform. Second, we found that it is more463
dicult to initialise the cells uniformly outside the barrier compared to inside the barrier.464
Despite this diculty, we always ensured that all experiments were initiated as uniformly465
as possible by performing a large number of experiments and discarding all those results466
in which the cells were not uniformly initialised.467
To illustrate the consequences of our study, we conrmed that estimates of D and 468
from one particular geometry could give misleading results by applying the mathematical469
model parameterised with these estimates to make a prediction of the cell spreading in470
the other geometry that we considered. These results conrmed that the solution of our471
mathematical model with estimates of D and  from assay 1 failed to predict the position472
of the leading edge and the shape of the density prole in assay 2. Similarly, we conrmed473
that the solution of the mathematical model with estimates of D and  from assay 2 failed474
to predict the position of the leading edge and the shape of the density prole in assay 1.475
A key assumption in this work is that the cell spreading always took place in a two{476
dimensional monolayer for the entire duration of the experiments. Initially, we also per-477
formed experiments where cells were placed into and around the barriers at a higher478
density than we reported here. In these additional experiments we observed that cells did479
not form a monolayer due to the high initial density. These additional experiments were480
not analysed here since the two{dimensional model is inappropriate.481
One limitation of our study is that we have not resolved the question of why cells appear482
to behave dierently in dierent geometries. One possible mechanism that could explain483
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our observations is that the total number of cells initially present in assay 2 is always484
larger than in assay 1. Assuming that each cell consumes nutrients at a particular rate,485
we might expect that the supply of nutrients in assay 2 would be depleted faster than in486
assay 1 which is consistent with our observations that D and  are apparently smaller in487
assay 2. To test this hypothesis we suggest that additional measurements of the avail-488
ability of nutrients could be made and that these measurements could be incorporated489
into an extension of the mathematical model where D and  explicitly depend on nutri-490
ent availability. This suggestion could be important since many mathematical models of491
collective cell spreading make the implicit assumption that the supply of nutrients is un-492
limited [28{31]. Other options for extending this work are to include further experiments493
to examine the role of other geometries, such as using barriers with dierent curvatures.494
Unfortunately the barriers that we used in this study are xed in shape and so a dierent495
experimental apparatus would be required to study such an extension.496
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Table 1: Summary of parameter estimates for assay 1 and assay 2 geometries with the uncertainty given
in the parentheses.
Assay Initial Diusivity Proliferation rate Doubling time
Density D (m2/hour)  (/hour) td = ln(2)/ (hours)
1 low 1700 (1000{1900) 0.056 (0.048{0.065) 12.4 (10.6{14.5)
high 2900 (2400{3200) 0.059 (0.055{0.078) 11.7 (8.8{12.6)
2 low 800 (500{1200) 0.042 (0.037{0.054) 16.5 (12.8{18.7)
high 1500 (1000{1900) 0.041 (0.035{0.055) 16.9 (12.6{19.8)
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Figure 1: Schematic of the circular barrier assay for assay 1 and assay 2 (not to scale). (a) Assay 1:
cells are placed inside the barrier allowing the cell population to spread outwards. (b) Assay 2: cells are
placed outside the barrier allowing the cell population to spread inwards. The population{scale views
for the assay 1 and assay 2 geometries are shown in (c) and (d), respectively, and indicate the radii
measurements that were extracted from assay 1 and assay 2. Here, R1 corresponds to the radius of the
circular area enclosed by the spreading cell population for assay 1 (dR1=dt > 0) and R2 indicates the
radius of the circular void area for assay 2 (dR2=dt < 0).
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Figure 2: Estimates of cell diusivity. Experimental and modelling images are shown in (a){(d) and (f){(i) comparing the position of the leading
edge of the spreading cell population for assay 1 and assay 2 geometries at high initial cell density. Experimental images in (a){(b) show the
distribution of cells at t = 0 and t = 72 hours for a barrier assay using the assay 1 geometry where cells are initially placed uniformly inside the
barrier after Mitomycin{C pretreatment. Equivalent images using the assay 2 geometry, where cells are initially placed outside the barrier, are
shown in (c){(d). The black solid line indicates the position of the leading edge of the spreading population as detected by the image analysis
software. The area enclosed by the spreading cell population was converted to an equivalent circular area. For the assay 1 geometry, the area
detected encloses the spreading cell population, while for the assay 2 geometry, the area detected encloses the void. Images in (f){(i) show the
corresponding snapshots of the discrete model on a 624  624 lattice with  = 25 m. Simulations were performed using Pm = 1 and Pp = 0.
Model simulations in (f){(g) correspond to  = 0:0526 hours and (h){(i) correspond to  = 0:1000 hours. The detected leading edge of the discrete
cell population is indicated by the black solid line. The red (assay 1) and green (assay 2) circles which are superimposed onto the experimental
and discrete images correspond to the c(r; t) = 0:019 contour of the numerical solution of Eq. (4) with  = 0, D1 = 2900 m
2/hour and D2 = 1500
m2/hour. Results in (e) and (j) compare E(D), using Eq. (8), between the position of the leading edge of the simulated cell population, using
various values of D, and the position of the leading edge of the corresponding experimental image for assay 1 (red) and assay 2 (green) at low and
high initial cell densities, respectively. The scale bar corresponds to 1500 m.
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Figure 3: Estimates of the cell proliferation rate. Cell proliferation rate estimates were obtained by counting the number of cells in four dierent
subregions in each experimental replicate. The location of subregions were located away from the leading edge so that the cell density in that
subregion was approximately spatially uniform giving c(r; t) = c(t). The location and size of the four subregions for assay 1 and assay 2 geometries
are shown in (a) and (f), where the scale bar corresponds to 1500 m. Images in (b){(c) and (g){(h) show snapshots of dimensions 250 m 
250 m for experiments with high cell density without Mitomycin{C pretreatment, at t = 0 and t = 72 hours for assay 1 and assay 2 geometries,
respectively. The Propidium Iodide staining highlights the cell nucleus and blue crosses indicate cells that were counted. Results in (d) and (i)
compare the mean non{dimensional cell density (n = 4) from experiments with an initial low and high cell density for both assay 1 (red) and
assay 2 (green) at t = 0, 24, 48 and 72 hours, with error bars indicating one standard deviation from the mean. The appropriately parameterised
logistic growth curves using the cell proliferation rate estimates from Table 1 are superimposed in (d) and (i). Results in (e) and (j) show E(),
given by Eq. (11), for various values of , for experiments at low and high cell density, respectively.
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Figure 4: Extent of spatial spreading in assay 1 is compared to the corresponding predictions of the
mathematical model. The position of the leading edge of the spreading cell population in assay 1 was
determined by analysing images from the experiments initialised with low cell density in (a){(b), and
high cell density in (c){(d). Images in rows 1 to 4 show the spreading cell population at t = 0, 24, 48 and
72 hours, respectively. The coloured area corresponds to the spreading cell population. Experiments with
Mitomycin{C pretreatment (motility only) are shown in the rst and third column, while experiments
without Mitomycin{C pretreatment (motility and proliferation) are shown in the second and fourth
columns. In each image, we superimpose the c(r; t) = 0:019 contour of the relevant solution of Eq. (4) in
black. The scale bar corresponds to 1500 m.
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Figure 5: Extent of spatial spreading in assay 2 is compared to the corresponding predictions of the mathe-
matical model. The position of the leading edge of spreading cell population in assay 2 was determined by
analysing images from the experiments initialised with low cell density in (a){(b), and high cell density
in (c){(d). Images in rows 1 to 4 show the spreading cell population at t = 0, 24, 48 and 72 hours,
respectively. The white circular area corresponds to the void region. Experiments with Mitomycin{
C pretreatment (motility only) are shown in the rst and third column, while experiments without
Mitomycin{C pretreatment (motility and proliferation) are shown in the second and fourth columns. In
each image, we superimpose the c(r; t) = 0:019 contour of the relevant solution of Eq. (4) in red. The
scale bar corresponds to 1500 m.
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Figure 6: Experimental measurements of the position of the leading edge of the spreading population
were compared to the corresponding predictions of the mathematical model in terms of M(t). The mean
radius estimated from experimental images at t = 0, 24, 48 and 72 hours (n = 3) were converted into
a measurement of M(t) using Eq. (7). The errors bars indicate one standard deviation from the mean.
Results are given for both assay 1 and assay 2 for low (a){(b) and high (c){(d) initial cell densities,
respectively. Solid curves represent M(t) calculated using the position of the c(r; t) = 0:019 contour from
the relevant solution of Eq. (4). Red curves correspond to experiments with Mitomycin{C pretreatment,
whereas blue curves correspond to experiments without Mitomycin{C pretreatment.
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Figure 7: Location of the subregions used to construct cell density proles and individual{scale images showing the locations of cells within these
subregions. Experimental cell density proles were constructed by counting the number of cells in 20{40 subregions along a transect spanning
the spreading cell population. The relative size and approximate location of these subregions are illustrated in (a) and (f), where the scale bar
corresponds to 1500 m. Individual{scale images in (b){(e) and (g){(j) show snapshots of various subregions of dimensions 250 m  250 m.
The subregions in (b){(e) correspond to assay 1, and the value of the radial coordinate r in each of these subregions increases such that (b) is close
to the centre of the well and (e) is located towards the edge of the outward spreading population. The subregions in (g){(j) correspond to assay
2, and the value of the radial coordinate r in each of these subregions increases such that (g) is located close to the leading edge of the inward
spreading population and (j) is located towards the edge of the well. The Propidium Iodide staining highlights the cell nucleus and blue crosses
indicate cells that were counted in the analysis.
36
A
ss
ay
 2
(i) (k) (l) t = 72 hourst = 48 hourst = 24 hours
r (μm)0 7800
0
1
r (μm)0 7800
0
1
r (μm)0 7800
0
1
0 7800
0
1
t = 0 hours (j)
t = 72 hourst = 48 hourst = 24 hours
r (μm)0 7800
0
1
0 7800
0
1
t = 0 hours(m) (n) (o) (p)
D
1
 = 2900 μm2/hour
λ
1
 = 0.059 /hour
D
2
= 1500 μm2/hour
λ
2
= 0.041 /hour
r (μm)0 7800
0
1
r (μm)0 7800
0
1
t = 72 hourst = 48 hourst = 24 hours
0 7800
0
1
0 7800
0
1
t = 0 hours(e) (f) (g) (h)
0 7800
0
1
0 7800
0
1
L
o
w
 d
en
si
ty
H
ig
h
 d
en
si
ty
A
ss
ay
 2
A
ss
ay
 1
D
2
= 800 μm2/hour
λ 
2
= 0.042 /hour
r (μm) r (μm) r (μm)
r (μm)
r (μm)
r (μm)
(a) (c) (d) t = 72 hourst = 48 hourst = 24 hours
0 7800
0
1
c(
r,
t)
0 7800
0
1
c(
r,
t)
0 7800
0
1
c(
r,
t)
0 7800
0
1
t = 0 hours (b)
A
ss
ay
 1
D
1
 = 1700 μm2/hour
λ
1
 = 0.056 /hour
r (μm) r (μm) r (μm)r (μm)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
c(
r,
t)
Figure 8: Cell density proles comparing the extracted experimental data and the relevant solution of Eq.
(4) using the parameter estimates in Table 1. Assay 1 results for experiments both with (dark grey) and
without Mitomycin{C (light grey) pretreatment, at t = 0, 24, 48 and 72 hours, are shown in rows 1 (low
initial density) and 3 (high initial density). Equivalent results for assay 2 are shown in rows 2 (low initial
density) and 4 (high initial density). Arrows indicate the direction of the spreading cell population. The
red (motility only) and blue (motility and proliferation) curves superimposed on all results correspond
to the relevant solutions of Eq. (4).
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Figure 9: Predicting the spread of a cell population using estimates of D and  from a dierent geometry: comparing the location of the leading
edge. Population{scale images correspond to experiments at t = 72 hours are given in (a){(d) for a low initial cell density, and in (e){(h) for a
high initial cell density. Experiments with Mitomycin{C pretreatment (motility only) are shown in the rst and third columns, while experiments
without Mitomycin{C pretreatment (motility and proliferation) are shown in the second and fourth columns. In each image we superimpose the
c(r; t) = 0:019 contour of the relevant solution of Eq. (4) using the parameter estimates for assay 1 (red) and for assay 2 (blue). The scale bar
corresponds to 1500 m.
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Figure 10: Predicting the spread of a cell population using estimates of D and  from a dierent geometry: comparing the cell density prole at
the leading edge of the spreading population. Cell density proles correspond to experiments at t = 72 hours are given in (a){(d) for a low initial
cell density, and in (e){(h) for a high initial cell density. Experiments with Mitomycin{C pretreatment (motility only) are shown in the rst and
third columns, while experiments without Mitomycin{C pretreatment (motility and proliferation) are shown in the second and fourth columns. In
each image, we superimpose the solution of Eq. (4) using the parameter estimates for assay 1 (red) and for assay 2 (blue).
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